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Background: Congerin I is a member of the galectin (animal β-galactoside-
binding lectin) family and is found in the skin mucus of conger eel. The galectin
family proteins perform a variety of biological activities. Because of its
histological localization and activity against marine bacteria and starfish
embryos, congerin I is thought to take part in the eels’ biological defense
system against parasites.
Results: The crystal structure of congerin I has been determined in both
lactose-liganded and ligand-free forms to 1.5 Å and 1.6 Å resolution,
respectively. The protein is a homodimer of 15 kDa subunits. Congerin I has a
β-sheet topology that is markedly different from those of known relatives. One
of the β-strands is exchanged between two identical subunits. This strand swap
might increase the dimer stability. Of the known galectin complexes, congerin I
forms the most extensive interaction with lactose molecules. Most of these
interactions are substituted by similar interactions with water molecules,
including a pi-electron hydrogen bond, in the ligand-free form. This observation
indicates an increased affinity of congerin I for the ligand.
Conclusions: The genes for congerin I and an isoform, congerin II, are known
to have evolved under positive selection pressure. The strand swap and the
modification in the carbohydrate-binding site might enhance the cross-linking
activity, and should be the most apparent consequence of positive selection.
The protein has been adapted to functioning in skin mucus that is in direct
contact with surrounding environments by an enhancement in cross-linking
activity. The structure of congerin I demonstrates the emergence of a new
structure class by accelerated evolution under selection pressure.
Introduction
Congerin from conger eel (Conger myriaster) is a member of
the galectin family, which are animal β-galactoside-
binding lectins that do not require metal ions for activity.
Two isoforms of the protein, congerin I and II, have been
found in the skin mucus of the conger eel [1–3]. Galectins
share a conserved carbohydrate-recognition domain
(CRD), and are known to exist in three major forms, the
homodimer/monomer of the single CRD (prototype), the
chimera of the C-terminal CRD and extra N-terminal
domain on the single chain (chimera-type) and the
tandem repeated CRDs on the single chain (tandem-
repeat-type) [4,5]. Congerin I is a homodimer of 15 kDa
subunits composed of 136 amino acid residues and is
therefore a prototype galectin.
Several three dimensional (3D) structures of galectin family
members are known to date: bovine galectin-1 [6,7] and
human L-1-II/galectin-2 [8] belong to the homodimeric
prototype, human galectin-7 [9] and Charcot–Leyden
crystal protein/galectin-10 [10] are monomeric prototypes,
and CRD of human galectin-3 [11] is a chimera type.
These crystal structures have shown that the CRD struc-
tures are conserved among the galectins, and the domains
share a β-galactoside-recognition pattern with highly con-
servative sidechains. The CRD is composed of a β sand-
wich of two antiparallel sheets of six and five strands each.
β-Galactoside is bound to a cleft in which the bed region
consists of strands and the bank regions consist of loops
that connect the strands. Most of the conserved β-galacto-
side-binding residues are found in the bed region.
Galectins are known to take part in a variety of activities
[12–15], including cell–cell or cell–matrix adhesion
[16,17], mRNA splicing [18,19], apoptosis [20–22], cell dif-
ferentiation/proliferation [23–25] and immune-response
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reactions [26]. In spite of the importance of the assumed
functions of the proteins, no case exists in which the role
of a galectin in the biological system has been conclusively
identified as yet. At this point in time, the galectin family
is considered as a cluster of proteins that have been
recruited into a variety of biological activities by maintain-
ing consensus functionality in tight and specific binding of
β-galactoside or its derivatives. Like many other galectins,
the biological role of congerin has not yet been identified.
However, a biological defense function of the protein has
been proposed on the basis of its activities in the aggrega-
tion of marine bacteria and the inhibition of embryonic
development in starfish [1]. Having one carbohydrate-
binding site per subunit, the congerin I homodimer has
two binding sites that enable the dimer to cross-link glyco-
conjugates or cells that have β-galactoside moieties [2].
DNA sequences of the congerin I and congerin II genes
have been found to illustrate a particular characteristic of
congerins [27]. Between coding regions of the two genes,
the ratio of nonsynonymous (nucleotide substitutions that
change amino acids) to synonymous (those that do not
alter amino acids) substitution rates was found to be
unusually high, suggesting that the evolution of genes has
been accelerated under a certain selection pressure. The
selection pressure is proposed to adapt congerins to the
conditions of skin mucus, or to reform the duplicated
genes of congerins I and II into functionally differentiated
proteins. Accordingly, thermostability, preferred pH
ranges and binding activities for several lactose derivatives
were found to differ for congerin I and congerin II [2],
which show 47.4% amino acid sequence identity
(Figure 1).
Congerins may represent another recruitment of the
galectin family into a new functional area in a biological
system, and the proteins provide the opportunity to
observe the effect of such a process on the function and
structure of proteins. We have conducted an X-ray crystal-
lographic study of congerin I and have determined the
structure in both ligand-free and lactose-liganded forms to
a high resolution. The purpose of this structural analysis is
to elucidate the structure and β-galactoside-binding mech-
anism of the lower-vertebrate galectin and to observe the
consequences of accelerated evolution on the 3D structure
of the protein.
Results and discussion
Strand swapping in congerin I
The mainchain fold of congerin I is similar to those of the
other homodimeric prototypes except for one remarkable
difference: a swap of strands between two subunits in one
of the intersubunit β sheets (Figure 2). Amino acid
sequence identity between congerin I and bovine
galectin-1 [7], a canonical homodimeric prototype
member, is 35.3%. In congerin I, the N-terminal S1
strand, Gly3–Val6, occupies the space for the strand,
Ser7–Leu4, of the other subunit in the canonical proto-
type dimer. The strand runs in the inverse direction to
that of the corresponding strand in the canonical proto-
type. Consequently, the sheet topology is altered from the
perfectly antiparallel sheet of the prototype to the partly
antiparallel sheet in congerin I. The S1 strand of one
subunit and the S2 strand from the other subunit are in
parallel, and the others are in an antiparallel conformation
in congerin I (Figure 2). The change in sheet topology
makes a difference to the subunit orientation. When one
of the subunits is superimposed between congerin I and
bovine galectin-1, the other subunits rotate ~60° to each
other around the major axis of the dimers.
This strand swap was indicated by the poor fit of an initial
electron-density map to a molecular-replacement model at
a region around Asp10 and was eventually confirmed
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Figure 1
Amino acid sequence alignment of congerins
I, II, bovine galectin-1, human galectins-2, -3,
-7 and -10. Residue numbers of congerin I
are indicated by reference numbers above
the sequences at every tenth residue.
Positions of the strands of congerin I, S1–S6
and F1–F5, are indicated by horizontal lines.
The swapped portion is boxed. Highly
conserved sites are boxed in grey. Asterices
indicate the sidechains shown in Figures 5
and 7. The dashed underlining indicates the
sequence of the bovine galectin-1–congerin I
chimera protein mentioned in the text. The
eleventh residue of the chimera protein is an
isoleucine that is formed due to the
introduction of a restriction site during the
genetic construction.
using an omit map (Figure 3). The electron density seems
to lead from A through B to C (the labeled positions in
Figure 3) in the omit map. If the strands were not
swapped, the connectivity should be E-D-B-C. No signifi-
cant difference was observed in this portion between
models of the lactose-liganded and ligand-free forms.
Domain swapping has been hypothesized as a motivity in
quaternary structure formation in protein evolution; a
protein becomes multimeric by donating a part of the mol-
ecule to a cognate molecule and then accepting the corre-
sponding portion from the cognate [28]. The 3D structures
of diphtheria toxin [28], seminal ribonuclease [29],
engineered staphylococcal nuclease [30] and an SH3
(Src-homology 3) domain [31] are typical examples indicat-
ing this behavior. The strand swap observed in congerin I
is a kind of domain swap in which the minimal residues are
used for the trade between two subunits. However, con-
gerin I is different from other proteins in one important
aspect. In the known domain-swap examples, the
exchanged portions are accommodated in a similar manner
to the corresponding part of the cognate molecule. This is
the important point of the hypothesis in which a protein
can use the pre-existing intrinsic interactions for binding
the contact partner. In the case of congerin I, however, the
orientation of the swapped region is inverted.
The inverse swap in congerin I might be possible because
of a unique property of β strands that allows swapping in
this manner. A β strand can retain hydrogen bonds in both
parallel and antiparallel conformations with its neighbor-
ing strands so that a certain part of the monomeric-phase
interactions can be retained, even in an inversely swapped
position. The swapped strand of congerin I forms eight
mainchain hydrogen bonds that are comparable to ten
mainchain hydrogen bonds in the corresponding strand of
bovine galectin-1 (Figure 4). When the inside-outside
topology of the strand is maintained, it can also retain
hydrophobic interactions. The hydrophobic sidechains,
Leu4 and Val6, of congerin I are in the equivalent posi-
tions of Ala6 and Leu4 (of the other subunit) of bovine
galectin-1, respectively (Figure 4). When the strand is
swapped in this manner, all the mainchain hydrogen
bonds are used for the intersubunit interaction. As shown
in Figure 4, only four hydrogen bonds from the S1 strand
are used for binding the other subunit in bovine galectin-
1, whereas all eight bonds are used for intersubunit inter-
action in congerin I.
Strand swapping and dimer stability
The strand swap is not likely to have initiated the homo-
dimeric structure of the galectin family, as the other
known members exist in similar dimers without the strand
swap. Rather, the strand swap seems to have increased the
stability of the dimeric structure. The strand swap
increases the intersubunit contact surface area to ~1280 Å2
in congerin I from ~550 Å2 in bovine galectin-1. The
number of intersubunit hydrogen bonds, including those
formed by sidechain atoms, are increased from 10 in
galectin-1 to 22 in congerin I. In addition, a more elaborate
dissociation pathway would be required for the interdigit β
sheet of congerin I compared with that of galectin-1,
because the dimer would not dissociate without having
unfolded at least partially.
This suggests that the congerin I dimer is prevented from
dissociation in both equilibrium and kinetic aspects. No sig-
nificant monomeric fraction of congerin I was observed in
the purification process from skin mucus of wild conger eel
[1,3]. The function of congerin I in aggregating molecules
or cells depends on its dimeric structure because one
monomer has only one binding site. Stability of the dimeric
structure is the most important parameter for congerin I.
The skin mucus, in which congerin I is most abundant, is in
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Figure 2
Schematic representation of dimers of (a) congerin I and (b) bovine
galectin-1. In both models, strands of the individual subunits are shown
using dark and light colors, respectively. The ligand groups, lactose
molecules for congerin I and N-acetyl-lactosamine moieties for
galectin-1, are shown in cyan. The strands S1–S6 and F1–F5 are
shown as labels on one of the congerin I subunits, and on the other
subunit every tenth residue is indicated. The labels N1, N2, C1 and C2
indicate the termini of the proteins.
direct contact with the external environment. Thus, the sta-
bility of the dimeric structure may require reinforcement.
An indication of the importance of the dimer stability was
obtained by testing a chimera protein in which the first 11
N-terminal residues of congerin I were replaced with the
corresponding residues of bovine galectin-1 (TO, CI, KM
and HK, unpublished results; Figure 1). Although the
chimera protein retained the dimer-forming ability, the
thermostability of the chimera protein was greatly
reduced; cross-linking activity of the chimera protein
against rabbit erythrocytes was completely lost after
60 minutes of incubation at 50°C, whereas the wild-type
protein retained all activities under the same conditions.
The chimera construction also affected the ligand affin-
ity. The association constant value of the chimera protein
against a glycoprotein asialofetuin was reduced to
1.46 × 106 M–1, compared with 2.01 × 107 M–1 for the
wild-type protein. The results demonstrate the impor-
tance of the structure around the swapped strands for the
activity of congerin I.
Carbohydrate-binding cleft in the lactose-liganded form
From the structural analysis of other galectins co-crystal-
lized with Gal(β1–4)GlcNAc (N-acetyl-lactosamine) or its
derivative, the important residues for carbohydrate
binding have been identified, namely His44, Arg48,
Asn61, Trp70, Glu73 and Arg75 [6–11]. Most of these
residues lie in the bed region of the carbohydrate-binding
cleft (Figure 5a). These residues are also conserved in
congerin I. A total of twelve hydrogen bonds are directly
formed between the lactose molecule and congerin I, and
an additional five hydrogen bonds are mediated by water
molecules (Table 1). The number of direct hydrogen
bonds in congerin I is larger than in any of the known
galectin members, which have nine or ten direct hydrogen
bonds. Among the twelve direct hydrogen bonds of con-
gerin I, only six are generally conserved among the known
galectin complexes, namely His44-Nε2–Gal-O4, Arg48-
Nη1–Gal-O4, Arg48-Nη2–Glc-O3, Asn61-Nδ1–Gal-O6,
Glu73-Oε2–Gal-O6 and Glu73-Oε2–Glc-O3.
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Figure 3
Stereo pair of an omit map around the
intersubunit interface of congerin I. Residues
of one subunit are indicated in blue and those
in the other subunit (in a neighboring
asymmetric unit) are indicated in red.
Residues Gly2–Lys15 were excluded from
phase calculation. The electron-density map
(green) is contoured at the 2.0σ level. The
residue labels A–E point to the positions that
are referred to in the text.
   A:Gln5         
     D:Gly2         
   E:Gln5         
  C:Phe11        
Asp10:B        
   A:Gln5
     D:Gly2         
   E:Gln5
  C:Phe11        
Asp10:B        
Structure
Figure 4
Schematic representation of the mainchain structure around the
swapped strands. The hydrogen-bonding pattern of S1 strands of (a)
bovine galectin-1 and (b) congerin I. S1 strands are represented by
thick lines and other strands are represented by thin lines. Hydrogen
bonds are shown as dashed lines. An asterisk next to the name of a
strand or residue indicates that the strand or residue comes from the
subunit to which the S1 strand does not belong.
The increase in the number of hydrogen bonds in con-
gerin I is due to the sidechains of Arg29, Tyr51 and Asp67.
The sidechain of Arg29 forms three hydrogen bonds with
Gal-O3 and Gal-O4 (Figure 5a; Table 1). This site is occu-
pied by a serine in bovine galectin-1. The sidechain of
Tyr51 forms two hydrogen bonds with Gal-O4 via a water
molecule. The sidechain of Tyr51 occupies the space of
the relatively conserved His52 in bovine galectin-1. The
large position shift of a loop, Asn50–Asp54, between con-
gerin I and galectin-1 may be due to the bulky sidechain
of Tyr51. Two contiguous residues, Asp67 and Asn68, are
insertions in congerin I. The insertion causes the loop to
lean on the ligand in the carbohydrate-binding cleft. The
sidechain of Asp67 forms two hydrogen bonds with
Gal-O2 via water molecules. The observed modification of
the cleft will be discussed later, along with the analysis of
accelerated evolution of congerin I.
Comparison of the lactose-liganded and ligand-free
structures
No large difference was observed between the overall
structures of lactose-liganded and ligand-free forms of
congerin I; the root mean square deviation (rmsd) values
of corresponding Cα atoms of the superimposed
monomers and dimers are 0.17 Å and 0.22 Å, respectively.
The sidechain structures are also similar to each other,
except for minor differences in some exposed residues.
The rmsd of all atoms in the monomer is 0.56 Å between
these two forms.
A relatively larger shift of the mainchain trace was
observed locally in the Asn50–Asp54 loop (Figure 5b).
The Cα-atom positions in the loop differ by ~0.5 Å for
these two forms, so that the cleft is slightly narrower in the
ligand-free form. In spite of the shift of the loop, the
overall structural perturbation on ligand binding is fairly
small, indicating that the ligand binding of congerin I
occurs in a nearly perfect ‘lock-and-key’ manner.
In the ligand-free form, the space occupied by the lactose
molecule in the liganded form is filled with seven water
molecules (Figures 5b,6). The water molecules, except for
one (which will be discussed below), are located close to
the oxygen atoms of the lactose molecule when the lig-
anded and ligand-free forms are superimposed. The corre-
spondence and distance between the oxygen atoms and
water molecules are shown in Table 1. The water mol-
ecules form hydrogen bonds in a manner similar to that of
the corresponding atoms of the lactose group. Nine out of
the twelve direct hydrogen bonds between congerin I and
lactose are replaced by six water molecules. The six gen-
erally conserved hydrogen bonds are all replaced in the
ligand-free form by the water molecules (Table 1).
This comparison demonstrates that the lactose molecule
mimics the hydration of the binding cleft. The binding
cleft satisfies the two requirements that are expected of a
sugar-binding site. First, the site should form as many
hydrogen bonds as possible with its ligand in order to
reduce enthalpy loss upon ligand binding. Second, the site
should retain as many water molecules as possible for sub-
sequent release upon ligand binding in order to gain
entropy. A reasonable means  of achieving these two
requirements may be to make use of a similar binding
scheme for ligand and water molecules, as has been
observed in the congerin I structure.
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Figure 5
Comparisons of carbohydrate-binding clefts. (a) Stereoview
superposition of the structures around the carbohydrate-binding clefts
of congerin I (orange) and bovine galectin-1 (gray). Water molecules
are represented by small spheres. Hydrogen bonds listed in Table 1
are shown in yellow. The lactose molecule in the liganded form of
congerin I is shown in blue. The asterisk indicates the loops that are
largely different between congerin I and galectin-1. The plus sign
indicates the position of insertion of two residues in congerin I. 
(b) Stereoview superposition of the structures around the
carbohydrate-binding clefts of the lactose-liganded (orange) and
ligand-free (gray) forms of congerin I. The lactose molecule is shown in
blue. The water molecules, which are released upon lactose binding,
are represented by red spheres. Other spheres represent the water
molecules that mediate hydrogen bonds in the liganded form (orange),
or water 230 (gray) that exists in both forms. The hydrogen bonds
listed in Table 1 and those formed between the water molecules are
shown in yellow. The pi-electron hydrogen bond is shown in green.
To date, only one galectin 3D structure is known in both
liganded and ligand-free forms. In human galectin-7
(monomeric prototype), four water molecules were found
to be released upon ligand binding [9]. The water mol-
ecules substitute five of the hydrogen bonds between the
ligand and the protein, all of which are among the six
invariant hydrogen bonds of the galectin complexes
(Table 1). Therefore, the solvation mimic would generally
be observed in various galectins, although the extent of
the mimicking may vary.
pi-Electron hydrogen bond in the ligand-free binding cleft
One of the water molecules found in the ligand-free
binding cleft forms an unusual hydrogen bond with the
protein (water molecule 244 in Figure 5b). Unlike the
other water molecules, the nearest correspondent of this
water molecule is a carbon atom of β-galactoside (Gal-C5).
This water molecule was found near Trp70, which is used
for a stacking interaction with the B face of the galactose
group (Figure 5b). The water 244 seemed to form a hydro-
gen bond with the pi electron of the indole group. The
water is closer to the five-membered ring of the indole
than to the six-membered ring. The distance from the
water molecule to the indole plane is 3.36 Å. The angle
between the vector from the weight center of the five-
membered ring to the water molecule and the vector per-
pendicular to the ring plane on the weight center is 6.5°.
This hydrogen bond works as a substitute for the stacking
interaction between the protein and the ligand. The
nature of the stacking interaction between the carbohy-
drate and the aromatic ring is thought to be an interaction
between the partial positive charge of carbohydrate hydro-
gen atoms at the B face and the partial negative charge of
the pi electrons. This interaction is conserved among
various galactose-binding proteins [32]. The partial-charge
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Table 1
Interactions at carbohydrate-binding clefts of lactose-liganded and ligand-free congerin I and other galectins.
Lactose Interaction* Liganded Water molecules‡ Ligand-free Galectins§
atoms congerin I† (distance/Å, B/Å2) congerin I†
Gal-O1 HB OW-Tyr51 Oη OW241 (0.60, 33.2) – –
Gal-O2 HB OW-Asp67 Oδ1 OW278 (0.37, 46.3) OW-Asp67 Oδ1 –
HB OW-Tyr51 Oη –
Gal-O3 HB Arg29 Nη1 OW243 (0.65, 28.7) –
HB Arg29 Nη2 Arg29 Nη2 –
HB OW-Asp67 Oδ1 – –
HB – – OW-Arg29 Nη1 (G-3)
HB – – OW-Asn46 Oδ1 (G-1, 3)
Gal-O4 HB¶ His44 Nε2 OW245 (0.31, 22.5) His44 Nε2 His44 Nε2 (G-1, 2, 3, 7#)
HB Arg29 Nη2 Arg29 Nη2 –
HB¶ Arg48 Nη1 Arg48 Nη1 Arg48 Nη1 (G-1, 2, 3, 7#)
HB – – Asn46 Oδ1 (G-1, 2, 3, 7)
Gal-C5 pi-electron¶ Trp70 OW244 (0.68, 38.1) Trp70 Trp70 (G-1, 2, 3, 7)
Gal-O5 HB Arg48 Nη1 – – Arg48 Nη2 (G-1, 3, 7)
Gal-O6 HB¶ Asn61 Nδ1 OW246 (0.13, 22.6) Asn61 Nδ1 Asn61 Nδ1 (G-1, 2, 3, 7#)
HB¶ Glu73 Oε2 Glu73 Oε2 Glu73 Oε2 (G-1, 2, 3, 7#)
HB – OW-Glu73 Oε2 (G-3)
Glc-O2 HB – – – Arg75 Nη2 (G-2)
HB – – OW-Glu51 Oε2 (G-1, 3)
Glc-O4 HB – – – Arg48 Nη2 (G-2)
Glc-O3 HB Arg48 Nη1 OW288 (0.31, 52.1) – Arg48 Nη1 (G-1, 3, 7)
HB¶ Arg48 Nη2 Arg48 Nη2 Arg48 Nη2 (G-1, 2, 3, 7#)
HB¶ Glu73 Oε2 Glu73 Oε2 Glu73 Oε2 (G-1, 2, 3, 7)
HB – – Glu73 Oε1 (G-7)
HB Arg75 Nη2 Arg75 Nη2 Arg75 Nη2 (G-1, 2)
Glc-O6 HB OW-Glu73 Oε1 – – OW-Glu73 Oε2 (G-3)
*HB indicates a hydrogen bond. The interactions indicated by ¶ are
invariant among the galectins. †Atom names are preceded by OW- if
the interaction is mediated by a water molecule. ‡Substituents of the
lactose atom in the ligand-free congerin I. The distance from the
corresponding lactose atom and B factor of the water molecule are
included in parentheses. §Only interactions with the lactose moiety in
galectin complexes are listed. The numbering system is coordinated
with that of congerin I. Conservation of interactions among galectins-1,
2, 3 and 7 are indicated in parentheses as G-1, 2, 3 and 7,
respectively. The interactions indicated by # are replaced by water
molecules in the ligand-free galectin-7.
interaction is replaced by a single pi-electron hydrogen
bond in the ligand-free form.
Although aromatic pi-electron hydrogen bonding in
protein structures has long been a subject of discussion
[33–37], this bonding is generally not regarded as an
important factor in protein architecture. The enthalpy
contribution of the pi-electron hydrogen bond has been
estimated to be less than that of standard hydrogen bonds
[34,35], and the hydrogen-bonding geometry of aromatic
rings was observed to be sparsely occupied by water mol-
ecules in known protein structures [37]. In the hydrogen-
bond network of the ligand-free form, water 244 is
supported by a maximum of two water–water hydrogen
bonds (bonds 244–241 and 244–246 in Figure 5b). The
position of the water molecule may be significant only
when the network seeks to substitute the ligand interac-
tions. The pi-electron hydrogen bond may be the best
available resource that a water molecule can afford to sub-
stitute in the interaction between the B face of a galactose
group and an aromatic ring.
Structural consequence of positive selection pressure
Between coding regions of genes for congerin I and con-
gerin II, the ratio of the number of nucleotide substitutions
per nonsynonymous site to the number of nucleotide sub-
stitutions per synonymous site was found to be 2.6 [27].
Usually, nonsynonymous substitutions in coding regions
are restrained to maintain protein structure or function,
whereas synonymous (neutral) substitutions accumulate
constantly by random genetic drift [38]. Therefore, this
ratio is normally smaller than 1.0 and has been found to be
~0.2 in various genes [39,40]. The extremely high ratio for
the congerin genes means that a certain amount of the
amino acid replacements were favored in the proteins. In
other words, evolution of the proteins has been accelerated
by positive selection pressure.
Many of the gene families that exhibit a positive selection
pattern are those encoding the surface antigens of parasitic
organisms, viruses [41] or snake venom toxin [42]. Evasion
of the immune system of the host is thought to be the
selection pressure working on the genes encoding these
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Figure 6
Stereo pairs of omit maps around
carbohydrate-binding clefts of (a) the lactose-
liganded form and (b) the ligand-free form of
congerin I. The lactose molecule or the water
molecules in the cleft of the ligand-free form
were excluded from phase calculation. The
omitted atoms are shown in red, and the others
are shown in blue. Both electron-density maps
(green) are contoured at the 3.5σ level. Glc is
glucose and Gal is galactose.
(a)          
(b)          
  230          
  278          
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  245          
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proteins. On the other hand, proteins such as the major
histocompatibility complex that must pursue the escaping
antigens also show a similar evolutionary pattern [43]. Pos-
sibly, proteins at interfaces between different species are
readily subjected to positive selection pressure. This
observation is consistent with the hypothesis that con-
gerins play a role in the biological defense system. What
then is the effect of the positive selection pressure on the
congerin I structure?
The basic process of natural selection is to fix or delete a
mutant gene in a population; so principally, the cause of
natural selection can be attributed to a particular set of
mutations in proteins. Although no robust method cur-
rently exists for tracing selected mutations in a site-to-site
resolution, a simple sequence comparison can give an indi-
cation of these mutations. The amino acid sequence of
congerin I was compared with congerin II and other
known galectin sequences (listed in the Materials and
methods section). Sites that were occupied by residues
characteristic of the congerin I or congerin group were
searched in the comparison. Such sites are likely to be
replaced in the diversification process of congerins, and
are probably occupied by the amino acid for reasons other
than the fact that the sidechain is merely physico-chemi-
cally preferred at the site. Although this crude method
revealed more than thirty sites from congerin I, not all of
which will be characterized here, some of the sites seemed
to be responsible for the unique structures of congerin I.
The most remarkable structural change in congerin I from
the other galectins is the strand swap. Proline residues or
deletions have been found in the hinge regions of domain-
swapped proteins and are thought to be major promoters
of domain-swap events [30,44]. However, neither the
proline residue nor the deletion is observed in the hinge
region (around Asp10) of congerin I (Figure 1). The
sequence comparison suggests a different cause of the
swap in congerin I. Phe9 and Phe118 are unique sites for
congerin I; the two sites are occupied by different amino
acids in other galectins. Phe9 is the only hinge-region site
that was highlighted by the sequence comparison. The
sidechain of Phe9 seems to cause steric hindrance if con-
gerin I folds into the conformation of bovine galectin-1
(Figure 7a). In the congerin I conformation, the sidechain
is buried in the middle of four strands (S1, S1*, F1 and
F1* in Figure 7a). In the galectin-1 conformation,
however, the sidechain has to be buried in a smaller space
between the sandwiched β sheets. Similarly, Phe118 will
be an obstacle if the N-terminal (S1) strand runs in the
trace of the galectin-1. The two sites should be the major,
if not the only, promoters of the strand swap.
As mentioned previously, the carbohydrate-binding cleft
of congerin I shows some modification compared with the
other galectins. Asp67 and Asn68 are insertions to the loop
that consists of a bank region of the binding cleft
(Figure 7b). The significance of the insertion should be
emphasized because the size of the loop is constant
among the galectin family, except for congerin I, congerin
II and two fungal galectins. The sidechain of Asp67 holds
water 230 in the ligand-free form (Figure 5b). Water 230
supports water 278, which connects two networks of
waters 245–243 and waters 288–241–244–245. Therefore,
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Figure 7
Spatial distribution of the sites unique to
congerin I or the congerin group. (a) Near the
intersubunit interface; the mainchain of one
subunit is shown in gray and the other is in
orange. Residues or strands from the other
subunit are indicated by asterices. (b) Near
the carbohydrate-binding cleft; the lactose
molecule is shown in blue, and hydrogen
bonds are shown in yellow. Red spheres
represent water molecules.
the sidechain of Asp67 helps to support the network of
water molecules.
Tyr51 is conserved between congerins I and II, and the
same amino acid is not observed in other galectins, except
for an amphibian prototype galectin. The sidechain of
Tyr51 forms hydrogen bonds with the ligand via a water
molecule (Figure 7b). Although knowledge of natural
ligands for congerin I is currently limited, these ligands
are believed to be derivatives of β-galactoside. The
sidechains of Tyr51 along with Asp67 and Asn68, which
have no direct interaction with the lactose group, may be
used for interactions with the derivative groups.
Because it forms three hydrogen bonds with the lactose
molecule, the sidechain of Arg29 in congerin I contributes
to the most extensive ligand interaction ever observed in
galectins (Table 1). Although this arginine is conserved in
some galectins, including human galectin-2 and galectin-3
[8,11], the sidechain is not used for direct interaction with
the ligands in these galectins. In congerin I, Asp46 helps
to hold the sidechain of Arg29 in the appropriate position
for direct interaction (Figure 7b). Asp46 is unique to the
congerin group. This site is occupied by an asparagine in
galectin-2 and galectin-3. An extensive network of hydro-
gen bond–ion pairs among highly conserved residues
helps to fix the proper binding-cleft conformation in the
galectins [6–11]. However, such a hydrogen bond–ion pair
is not observed near Gal-O3 in the other galectins. The
sidechain of Asp46, along with Arg29, expanded the
network in this region.
These observations indicate that the sites unique to con-
gerin I (or the congerin group) contribute largely to the
three characteristic structures of the protein: the strand
swapping between subunits; the extensive interaction
between the protein and the ligand; and the network of
water molecules in ligand-free form as a substitute for the
ligand. These three structures cooperate to enhance the
cross-linking activity of the protein. The first is critical to
dimer stability, and the second and third seem to increase
ligand affinity. This implies that the selection pressure
operating on the congerin I gene is the selection of
mutants having enhanced cross-linking activity. The
source of the selection pressure would then be the condi-
tions of the skin mucus under which the protein works. As
the skin mucus is in direct contact with the surrounding
environment, the proteins are required to maintain activi-
ties under conditions that diverge from and may be more
severe than those inside cells or body cavities. The struc-
ture of congerin I demonstrates that the selection pressure
promotes the emergence of a new structural class in the
galectin family. However, the possibility that at least some
of the selection pressure works to differentiate the dupli-
cated genes of congerins I and II cannot be ignored.
Knowledge of the 3D structure of congerin II is needed in
order to elucidate this point. Recently, a crystal of congerin
II that diffracts to a resolution of 1.45 Å was obtained, and
a structural refinement is in progress. A comparison of the
structures of congerins I and II will enable a more detailed
discussion of this evolutionary process.
Biological implications
The galectin family consists of proteins that are involved
in various important biological activities. Congerin I is a
member of the galectin family and is found in the skin
mucus of the conger eel. The protein shows activities in
the aggregation of marine bacteria and the inhibition of
embryonic development of the starfish, implying that the
protein plays a role in the biological defense activity
against certain parasitic organisms.
High-resolution observations of the crystal structure of
congerin I highlighted the enhanced cross-linking activity
of the protein against molecules or cells. The N-terminal
strands of congerin I have been swapped between two
identical subunits. Therefore, congerin I forms a new
structural class in the galectin family. The strand swap
seems to stabilize the dimeric structure that is essential
for the cross-linking activity. The lactose molecule in the
binding cleft forms 12 direct hydrogen bonds with con-
gerin I. The number of hydrogen bonds is the largest
among known galectin–ligand complexes, and most of
these interactions are replaced by a network of water
molecules when the ligand is absent.
The genes of congerin I and an isoform, congerin II,
show a high nonsynonymous over synonymous substitu-
tion rate. Congerin I has evolved under a positive selec-
tion pressure. The enhancement in the cross-linking
activity of the protein implies that part of the selection
pressure works to adapt the protein to the environment
of the skin mucus. As the skin mucus is in direct contact
with the surroundings, proteins are required to maintain
activities under conditions that would not be encoun-
tered in cells or body cavities.
Materials and methods
Crystallization, X-ray data collection and crystallographic
refinement 
Congerin I was extracted from skin mucus of wild conger eels (Conger
myriaster) and purified using affinity (HCl-treated Sepharose 4B) and
ion-exchange (Hi-Trap Q) chromatography techniques as described pre-
viously [3]. Congerin I crystals in lactose-liganded and ligand-free forms
were prepared using the hanging-drop vapor-diffusion method. The opti-
mized conditions for both crystal forms are essentially the same. The
condition for the lactose-liganded form consists of 1 ml of a 25% (w/v)
PEG6000 solution in a 0.1 M Tris-HCl buffer (pH 9.0) for the reservoir, a
10 ml mixture of equal volumes of the reservoir solution and a 20 mg/ml
protein and 2 mM lactose solution in 10 mM Tris-HCl buffer (pH 7.0) for
the hanging drop. The lactose in the drop solution is absent from the
conditions for the ligand-free form. The crystals grew for three to four
weeks at 18°C to a maximum size of 0.5 × 0.4 × 0.2 mm3. The crystals
of the lactose-liganded and ligand-free forms are isomorphic with
respect to one another.
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X-ray diffraction data from the crystals were collected with the Weis-
senberg method using the synchrotron radiation (λ = 1.00 Å) from the
BL6A station at the Photon Factory, National Laboratory for High
Energy Physics, Japan. The reflections were processed using the
DENZO and SCALEPACK programs [45]. The crystal parameters and
data-processing statistics are summarized in Table 2.
The crystal structure of the lactose-liganded form was determined using
the molecular-replacement method with the program AMoRe [46]. A
monomer of the bovine spleen galectin (PDB code 1SLT) in poly-Ala/Gly
form was used for the search model [7]. The asymmetric unit contains a
monomer, and the twofold axis of the congerin I dimer coincides with the
crystallographic twofold axis. The crystallographic refinement was exe-
cuted by recurrently applying conjugate-gradient positional and B-factor
refinements using the program X-PLOR [47] and manual modeling using
the program turbo-FRODO [48]. The model was refined against reflec-
tions (F > 3σF) between 8.0 and 1.5 Å resolution, saving 5% of the
observed reflections for a test set. The refinement converged at a crys-
tallographic R factor of 0.213 (Rfree = 0.265). No significant electron
density for acetylated N-terminal Ser1 was observed; therefore, the
residue was not included in the model. Three sidechains, Gln28, Ser123
and Leu124, were modeled as alternative conformers according to the
electron density. The refinement statistics are summarized in Table 2.
The crystal structure of the ligand-free form was constructed using the
structure of the lactose-liganded form. Lactose and all water molecules
were excluded from the initial model. The refinement procedure for the
ligand-free form was identical to that for the lactose-liganded form, except
for the higher resolution limit (1.6 Å). The refinement converged at a crys-
tallographic R factor of 0.201 (Rfree = 0.247). The N-terminal residue was
not observed in the ligand-free form either. Two sidechains, Ser123 and
Leu124, were modeled as alternative conformers. Gln28, which was
modeled as an alternative conformer in the lactose-liganded form, did not
appear as such in the density of the ligand-free form. The refinement sta-
tistics for the ligand-free form are also summarized in Table 2. Model qual-
ities of the lactose-liganded and the ligand-free forms are similar to one
another. The model geometry was examined by using PROCHECK [49].
No mainchain torsion angles were found within disallowed regions of the
Ramachandran plot and 85% were found within the most favored region.
Sequence and structure comparison
The amino acid sequence of congerin I was compared with those of
other galectins. A total of 42 CRD sequences from 33 galectins were
retrieved from the DNA Data Bank of Japan (DDBJ) database (release
36) [50]. The source of the sequences and PDB entries used in the
structural comparison are as follows. Prototype galectins: congerin II
(Conger myriaster), galectin-1 of bovine (1SLT; Bos taurus), mouse
(Mus musculus), rat (Rattus norvegicus), Chinese hamster (Cricetulus
griseus) and human (Homo sapiens); galectin-2 of human (1HLC);
galectin-4 and galectin-6 of chicken (Gallus gallus); galectin-5 of rat;
galectin-7 of human (4GAL and 1BKZ) and rat; galectin-10 of human;
L14 galectin of frog (Xenopus laevis); 14 kDa-galectin of electric eel
(Electrophorus electricus); galectin and lectin II of sponge (Geodia
cydonium); and galactose-binding lectins I and II of fungus (Coprinus
cinereus). Chimera types: galectin-3 of dog (Canis familiaris), Chinese
hamster, human (1A3K), mouse, rabbit (Oryctolagus cuniclus) and rat.
Tandem-repeat types: galectin-4 of porcine (Sus scrofa) and rat;
galectin-8 from human and rat; galectin-9 of human, rat and mouse; and
32 kDa and 33 kDa galectins of nematode (Caenorhabditis elegans).
The omitted version of the sequence alignment is presented in Figure 1.
Accession numbers
The coordinates of the lactose-liganded and the ligand-free forms
are deposited with Protein Data Bank. The codes are 1C1L and
1C1F, respectively.
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Table 2
Crystallographic parameters, data collection and refinement statistics.
Lactose-liganded form Ligand-free form
Crystallographic parameters
Space group P 21212 P 21212
Unit-cell dimensions a, b, c (Å) 95.4, 36.4, 40.2 95.3, 36.9, 40.5
Asymmetric unit Monomer Monomer
Data collection statistics
Resolution limits (Å) 8.0–1.5 8.0–1.6
Number of unique reflections (F > 2σ[F]) 20,509 17,489
Rmerge (%) 6.8 4.6
Completeness
Total (%) 89.0   91.1
Final shell (%) 65.5 76.1
Range of final shell (Å) 1.55–1.50 1.66–1.60
Refinement statistics
Model contents
Number non-H protein atoms 1078 1078
Number water molecules 84 81
Ligand Lactose (1 molecule, 23 atoms) No
Rcryst (F > 3σ[F]) 0.213 0.201
Rfree 0.265 0.247
Root mean square deviations from ideal geometry
Bond length (Å) 0.009 0.011
Bond angle (°) 2.4 2.6
Dihedral angle (°) 26.4 26.4
Improper angle (°) 1.1 1.3
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